Background. Although isoniazid-resistant tuberculosis is more common than multidrug-resistant tuberculosis, it has been much less studied. We examined the impact of isoniazid resistance and treatment regimen, including use of a fluoroquinolone, on clinical outcomes.
Although isoniazid-resistant rifampin-susceptible tuberculosis (isoniazid-resistant tuberculosis) accounts for 9.5% of tuberculosis cases worldwide and is considered a major risk factor for multidrug-resistant tuberculosis, it has received much less attention than other forms of drug resistance [1] [2] [3] . In a recent meta-analysis, standardized therapy for isoniazid-resistant tuberculosis with first-line drugs was associated with poor outcomes [4] . However, the role of fluoroquinolones (FQs) and isoniazid for the treatment of isoniazid-resistant tuberculosis and the impact of isoniazid resistance level on treatment outcomes remains unclear [1] .
The 2003 American Thoracic Society/Centers for Disease Control and Prevention/Infectious Diseases Society of America guidelines (the 2016 guidelines focus on drug-susceptible tuberculosis) recommend a 6-month regimen of rifampin (RIF), pyrazinamide (PZA), and ethambutol (EMB) for the treatment of isoniazid-resistant tuberculosis with the option of adding an FQ in cases of extensive disease [5, 6] . In addition, these guidelines recommend discontinuing isoniazid once resistance is detected. These recommendations are based on a review of trials conducted by the British Medical Research Council [7, 8] . Importantly, the benefit of isoniazid for the treatment of isoniazid-resistant tuberculosis cannot be ascertained from these trials because all regimens contained isoniazid for the full length of therapy, irrespective of baseline resistance. It has been suggested that standard-dose isoniazid may retain activity against some isoniazid-resistant strains, particularly when low-level resistance is present [9] [10] [11] [12] . FQs successfully replaced isoniazid for the treatment of drug-susceptible tuberculosis in the RIFAQUIN trial and have been proposed to replace isoniazid for the treatment of isoniazid-resistant tuberculosis given comparable bactericidal activity, but this has not been evaluated in trials [13] [14] [15] . These uncertainties are reflected in the substantial variation in treatment regimens, including the use and duration of isoniazid and FQs for the treatment of isoniazid-resistant tuberculosis [16] [17] [18] .
The primary aim of this study was to compare time to sputum culture conversion (tSCC) between patients with isoniazid-resistant and patients with isoniazid-susceptible tuberculosis. To our knowledge, there are no published studies comparing tSCC between patients with isoniazid-resistant and patients with isoniazid-susceptible tuberculosis. tSCC accounts for the effect of time on treatment and is a US Food and Drug Administration (FDA) recommended endpoint for phase 2 clinical trials [19, 20] . In addition, we aimed to evaluate the treatment outcomes for isoniazid-resistant tuberculosis and to describe the outcomes and use of FQs in this population. This study was conducted in the setting of an outbreak of isoniazid-resistant tuberculosis among persons experiencing homelessness in Atlanta [21] . Our overall goal was to provide data that would improve the care of patients with isoniazid-resistant tuberculosis.
METHODS
A retrospective cohort study design was used. Adults (aged ≥18 years) with culture-confirmed pulmonary tuberculosis, including those with concomitant extrapulmonary disease, treated at Grady Memorial Hospital between January 2008 and October 2015 were eligible for inclusion. Exclusion criteria included the presence of rifampin-resistant tuberculosis and incomplete information regarding treatment course or sputum culture results. Grady Memorial Hospital is a 1000-bed safety-net hospital in Atlanta. Following hospital discharge, all patients were referred to a county public health tuberculosis clinic for further management.
Laboratory Methods
All included patients had sputum samples submitted for acidfast bacilli (AFB) smear microscopy and cultures incubated in solid Middlebrook 7H11 and liquid media using the BacT/ ALERT 3D mycobacterial detect system. Between 2008 and 2014, direct Mycobacterium tuberculosis detection test using nuclear acid amplification method was performed for all smear-positive samples; subsequently the Xpert MTB/RIF assay was performed on all smear-positive samples and upon request. Baseline M. tuberculosis culture isolates were sent to the Georgia Public Health Laboratory where drug-susceptibility testing for rifampin, isoniazid, and ethambutol was performed using mycobacterial growth indicator tube (MGIT) 960. Pyrazinamide was added to this panel in 2015. All isolates with isoniazid resistance (growth at 0.1 ug/mL of isoniazid) from the Georgia Public Health Laboratory were sent to the Centers for Disease Control and Prevention (CDC) where drug-susceptibility testing for first-line drugs was repeated and an extended panel that included PZA and ofloxacin was performed. The level of isoniazid resistance was ascertained by indirect proportion method on agar at isoniazid concentrations of 0.2, 1.0, and 5.0 µg/mL. Follow-up sputum samples from county health clinics were sent to the Georgia Public Health Laboratory, where smear microscopy and culture in both solid Lowenstein-Jensen media and liquid Middlebrook 7H9 media in MGIT was performed. Genotyping for baseline samples was performed by the CDC [22] .
Definitions
Low-level isoniazid resistance was defined as M. tuberculosis isolates with growth at an isoniazid concentration of ≥0.2 µg/ mL, and high-level resistance was defined as growth at an isoniazid concentration of ≥1.0 µg/mL [5] . Disseminated tuberculosis disease was defined as having a blood culture positive for M. tuberculosis and/or the presence of miliary tuberculosis based on radiology report. Early FQ use was defined as receiving ≥5 doses within the first month of treatment. All treatment was recommended to be given by directly observed therapy (DOT). Early poor DOT adherence was defined as receiving ≤40 doses during the first 3 months, and late poor DOT adherence was defined as missing ≥2 weeks of therapy consecutively afterwards. tSCC was defined as the number days from beginning of tuberculosis treatment to the first of 2 consecutive negative sputum culture results that were at least 30 days apart [19] .
Data Collection
A review of inpatient, local health department, and Georgia State Electronic Notifiable Surveillance System records was performed. Georgia State Electronic Notifiable Surveillance System records were last examined in December 2016. Case report forms were used for data abstraction, and data were entered into an online REDCap database [23] .
Data Analysis
Data analyses were performed using R version 3.3.2. For univariate comparisons, differences in nominal variables were tested using either a Fisher's exact or χ 2 test and for continuous variables, either a Mann-Whitney or 2-sample t test was used as appropriate. A two-sided P value < .05 was considered significant. Cox proportional hazard models were used to estimate the association of isoniazid resistance with tSCC. Covariates included in the model were based on previous literature and bivariate analysis, and the model was built using the purposeful selection strategy [24] . Patients were censored at the tSCC or at the time of treatment completion and at loss to follow-up or death for those who did not achieve culture conversion. The study was approved by the Emory University and the Georgia Department of Public Health Institutional Review Boards and the Grady Memorial Hospital Research Oversight Committee.
RESULTS
Among 361 patients treated for active tuberculosis during the study period, 270 had culture-confirmed disease, including 249 with pulmonary tuberculosis. After excluding patients with incomplete data and multidrug-resistant tuberculosis, 236 patients were included for further analysis (Figure 1) . A total of 59 (25%) patients had isoniazid resistance at baseline, with most (n = 54) having low-level isoniazid-resistance (Table 1 ). There was a bimodal temporal distribution of isoniazid-resistant cases, with an initial peak in 2008-2009 and a second peak in 2014 (Figure 2) , and most cases (n = 46) were genotypically linked. Two patients had PZA resistance detected; no resistance to ethambutol was detected. Among 57 patients who had drug-susceptibility testing for ofloxacin performed, no resistance was detected.
Cohort Characteristics
Most patients were male (77%), black (82%), and born in the United States (73%). Almost half of the patients (46%) had a history of homelessness, and there were high rates of tobacco (57%), alcohol (54%) and illicit drug (26%) use. All patients were tested for human immunodeficiency virus (HIV), and 87 (37%) were positive. Although most coinfected patients (76%) were known to have HIV for many years (median, 6.5) prior to diagnosis with tuberculosis, only 15% were receiving antiretroviral therapy (ART) at the time of tuberculosis diagnosis. In regards to clinical presentation, 123 (52%) patients had an AFB sputum smear microscopy result ≥3+, and 19% had cavitary disease on chest X-ray. The median total treatment duration was 9.3 months ( Table 2) . Sixty-seven (28%) patients received an FQ during tuberculosis therapy, including 29 (12%) with early FQ use. Among 81 (93%) HIV-positive patients who survived ≥8 weeks after tuberculosis diagnosis, 70 (86%) received ART during tuberculosis therapy, and 30 (37%) were started on ART within 8 weeks of initiating tuberculosis therapy
Comparison of Cohort According to Isoniazid Resistance
Patients with isoniazid-resistant tuberculosis were more likely to be male (97% vs 71%), born in the United States (90% vs 68%), homeless (86% vs 32%), tobacco users (75% vs 51%), alcohol users (68% vs 50%), illicit drug users (39% vs 22%), and have HIV co-infection (49% vs 33%) (all with P < .05) than patients without isoniazid resistance. Three (5%) patients were diagnosed with isoniazid-resistant tuberculosis by contact investigation [21] . Acid-fast bacilli smear grade, proportion with extrapulmonary involvement, and cavitary disease were similar between groups.
Although there was no significant difference in treatment duration when stratified by isoniazid resistance, differences in regimens were observed ( 53) use were higher for patients with isoniazid-resistant tuberculosis as compared with patients with isoniazid-susceptible tuberculosis (all with P < .05). Fifty (85%) patients with isoniazid-resistant tuberculosis completed therapy, and all received ≥6 months of a rifamycin. Forty-one (82%) of these received a rifamycin and PZA combination for ≥6 months. The remaining 9 patients with isoniazid-resistant tuberculosis who completed therapy received an FQ as part of their treatment regimen. Four of these 9 patients suffered adverse events related to PZA, and 5 were changed to an FQ due to physician preference. Among these 9 patients, 1 patient had adverse effects while on FQ with drug-induced hepatitis while on RIF/moxifloxacin. This patient completed therapy on the same regimen with no further adverse events. All but 1 patient with isoniazid-resistant tuberculosis received isoniazid, and patients with isoniazid-resistance received a median of 35 (interquartile range, isoniazid doses during the first 3 months of chemotherapy. All patients received standard dose isoniazid, except 1 patient with isoniazid resistance and meningeal disease for which the dose was increased after culture conversion. The proportion of patients with HIV who received ART at any time during and within 8 weeks of initiating tuberculosis therapy was similar between patients with isoniazid-resistant and patients with isoniazid-susceptible tuberculosis.
Among the 227 patients who survived beyond 2 weeks, 222 (98%) had ≥1 follow-up sputum culture. Thirteen of the 14 patients without a follow-up sputum culture died on index Data are no. (%) unless otherwise specified.
Abbreviations: AFB, acid-fast bacilli; ART, antiretroviral therapy; BMI, body mass index; CNS, central nervous system; CXR, chest X-ray' GFR, glomerular filtration rate; HBSAg, hepatitis B surface antigen; HCV Ab, hepatitis C virus antibody; HIV, human immunodeficiency virus; IGRA, interferon-gamma release assay; IQR, interquartile range; LTBI, latent tuberculosis infection; TB, tuberculosis; TST, tuberculin skin test. a CXR missing (n = 3).
admission. A median of 10 follow-up sputum cultures were obtained per patient, with no significant differences when stratified by isoniazid susceptibility (Table 2) . Among 214 patients with sputum culture conversion (SCC), 211 (99%) had ≥1 sputum culture performed in MGIT. There was no significant difference in the median days between last positive sputum culture and date of SCC. Ninety-one percent of patients in both groups achieved SCC, and although patients with isoniazid-resistant tuberculosis had a trend toward longer tSCC (35 vs 29 days; P = .39), the difference was not significant (Figure 3 ). Isoniazid resistance was not associated with SCC at 28 and 56 days by bivariate analysis (Table 4 ). Isoniazid resistance did not impact tSCC in the multivariate model (Table 5) . Age, body mass index, HIV status, and AFB smear grade were the only covariates that had a significant association with tSCC (Table 5) .
Among 214 patients with SCC, 24 (11%) received an early FQ. Although early FQ use was associated with SCC at 56 days by bivariate analysis (P = .03), it was not significantly associated with tSCC in univariate (hazard ratio [HR], 1.48; 95% confidence interval [CI], .95-2.28) or multivariate analysis. Among the 54 patients with isoniazid-resistant tuberculosis that achieved SCC, 9 (17%) received an FQ prior to SCC, and 5 of these were also receiving isoniazid at SCC. All 45 (83%) remaining patients were receiving RIF/PZA/EMB at SCC; 31(69%) of these were receiving isoniazid at SCC. There was no difference in median tSCC among those with isoniazid resistance that did and did not receive early FQ (29 vs 36 days, respectively; P = .24).
Treatment Outcomes
Overall, 191 (83%) patients were cured, 28 (12%) died, 3 (1%) suffered recurrent disease, 7 (3%) were lost to follow-up, and 1 (1%) was censored on therapy. The overall cure rate was 89%, after excluding the 16 patients who died at index hospital admission. The final outcomes were similar when stratified by isoniazid resistance, with the exception of acquired-drug resistance (P = .25) and recurrence (P = .01), which occurred exclusively among patients with low-level isoniazid resistance.
The episodes of recurrence occurred between 238 and 1000 days after completion of tuberculosis therapy. All recurrences occurred among patients with isoniazid-resistant tuberculosis and with a M. tuberculosis strain of the same genotype as their initial infection. Two recurrences occurred in HIV-positive patients with CD4 count <50 cells/mm 3 who were started on ART during tuberculosis therapy but were not retained in care upon completion of tuberculosis therapy, and 1 of these patients had acquired-resistance to rifampin and thus developed multidrug resistance. Although all patients with recurrence received ≥6 months of PZA and a rifamycin, none received an FQ (Table 3) . Among isoniazid-resistant cases, those who suffered recurrence received shorter treatment duration than those who did not (median of 7.8 vs 9.6 months; P = .17).
DISCUSSION
In an inner-city setting characterized by high rates of HIV and during an ongoing outbreak of isoniazid-resistant tuberculosis, we found a very high prevalence (25%) of isoniazid resistance among patients with pulmonary tuberculosis. This rate of isoniazid resistance is much higher than published worldwide and US rates and is a stark reminder of how a drug-resistant M. tuberculosis strain can take hold and rapidly spread among high-risk populations [2, 25] . We found that the tSCC and overall rate of favorable treatment outcomes were similar regardless of isoniazid resistance status. American Thoracic Society/Centers for ART use within 8 weeks of tuberculosis therapy 30 (37) 11 (39) 19 (36) .97
Medication adverse effects requiring drug interruption Rifamycin (n = 231) 33 (14) 8 (14) 25 (14) 1.00
Isoniazid (n = 231) 37 (16) 7 (12) 30 (17) .45
PZA (n = 230) 29 (13) 12 (20) 17 (10) .06
Ethambutol (n = 227) 19 (8) 8 (14) 11 (6) .09
Levofloxacin (n = 39) 2 (5) 1 (9) (12) 8 (14) 20 (11) Data are no. (%) unless otherwise specified.
Abbreviations: AFB, acid-fast bacilli; ART, antiretroviral therapy; DOT, directly observed therapy; DST, drug-susceptibility test; FQ, fluoroquinolone; ICU, intensive care unit; IQR, interquartile range; PZA, pyrazinamide. a Thirteen of 14 patients without a follow-up culture died. Disease Control and Prevention/Infectious Diseases Society of America guidelines recommend 6 months of RIF/PZA/ EMB, a regimen with good outcomes in a recent meta-analysis [4, 5] . Almost all patients with isoniazid resistance in our cohort received RIF/PZA/EMB, but the median duration of therapy was 9.7 months. Our data on the effectiveness and tolerability of regimens containing a long course of an FQ are encouraging given the high rates of pyrazinamide and ethambutol drug interruption with prolonged use.
Although isoniazid resistance did not significantly impact tSCC, episodes of recurrence and acquired drug resistance occurred exclusively among isoniazid-resistant patients. Our findings suggest that low-level isoniazid resistance may not impact tSCC in patients receiving standard dose isoniazid and first-line treatment regimens for tuberculosis. However, the data suggest isoniazid resistance may have had significant impact on long-term outcomes in this cohort.
As a result of an outbreak of isoniazid-resistant tuberculosis among persons experiencing homelessness in Atlanta, there was a high rate of isoniazid resistance in this cohort compared with the global (9.5%) and US (8%) rates in 2015 [2, 21, 25] . The importance of isoniazid resistance has been debated, and research efforts have been limited despite the role of isoniazid resistance in the genesis of multidrug-resistant tuberculosis [1, 3] . In addition, pharmacovigilance for isoniazid resistance is lacking, and the diversity of resistance mutations is a challenge for rapid molecular testing [1] . Grady Memorial Hospital uses the Xpert MTB/RIF, which exclusively detects rifampin resistance. Rapid isoniazid resistance detection could improve outcomes by allowing earlier initiation of second-line drugs such as FQs [26] . Although assays for rapid diagnosis of isoniazid are available (eg, Hain MTBDRplus), none are FDA approved, and availability is limited to specialized laboratories [27] .
To our knowledge, this is the first published study evaluating tSCC (as opposed to 2-month SCC) for isoniazid-resistant tuberculosis [7, 16-18, 28, 29] . Most patients in the cohort achieved SCC before receiving an FQ. Thus, these data suggest that either isoniazid retains some activity or RIF/PZA/EMB can compensate for loss of isoniazid activity in the early phase of therapy for isoniazid-resistant tuberculosis.
Isoniazid has the highest early bactericidal activity among first-line drugs (RIF/INH/PZA/EMB) and kills a significant portion of replicating bacilli within 48 hours, after which RIF and PZA have most bactericidal activity for the treatment of drug-susceptible tuberculosis [30, 31] . The potent early bactericidal activity of isoniazid translates into important public health benefits by decreasing transmission and patient-level benefits by prevention of acquired drug resistance and early mortality from severe forms of tuberculosis [30, 32] . The similar tSCC and deaths on index inpatient admission in this cohort when stratified by isoniazid resistance suggest that RIF/isoniazid/ PZA/EMB is a safe initial regimen for the early phase of chemotherapy for isoniazid-resistant tuberculosis, particularly in settings where low-level resistance is predominant. However, for rapidly fatal forms of tuberculosis such as meningitis, a different initial regimen should be considered [32, 33] . Standard-dose isoniazid may retain activity against isoniazid-resistant strains, particularly for low-level resistance [9] [10] [11] [12] . Interestingly, lower breakpoints for isoniazid resistance have been proposed based on in vitro models [34] . The ongoing ACTG 5312 study is evaluating the early bactericidal activity of escalating isoniazid doses for low-level isoniazid-resistant strains and should elucidate some of these issues. FQs have potent early bactericidal activity and, as in trials for drug-susceptible tuberculosis, early FQ use was associated with SCC at 56 days in our cohort [14, 35] . Two retrospective cohort studies evaluated FQ use for isoniazid-resistant tuberculosis [17, 18] . One evaluated 2-month SCC rates and found FQ use had no effect on SCC in contrast with isoniazid use, which was associated with increased rates of 2-month SCC [17] .
In a recent meta-analysis, patients with isoniazid resistance who received standardized therapy with first-line drugs had poor outcomes compared with patients with drug-susceptible tuberculosis [4] . However, patients receiving at least 6 months of RIF/PZA/EMB, as recommended by American Thoracic Society/Centers for Disease Control and Prevention/Infectious Diseases Society of America guidelines, had outcomes comparable with those of patients with drug-susceptible tuberculosis [5] . Thus, the similar outcomes of patients with isoniazid-resistant and patients with isoniazid-susceptible tuberculosis are in line with this meta-analysis and with other cohorts receiving individualized regimens [16] . Although all recurrences in our cohort occurred among patients with isoniazid resistance who did not receive FQ, the sample size precludes conclusions regarding FQ impact on final outcomes. FQ use improved unadjusted outcomes for isoniazid-resistant tuberculosis in both previously mentioned studies [17, 18] . Finally, likely due to the high rates of comorbidities and late presentation, the death rate in this cohort among isoniazid-resistant (14%) and isoniazid-susceptible (11%) cases was higher than the overall tuberculosis death rate in the United States (7%) [36] . Our study has limitations. Sputum culture collection was not standardized, but sampling frequency was similar between subjects with isoniazid-resistant and patients with isoniazid-susceptible tuberculosis. Drug concentrations, an important factor for tuberculosis outcomes, and acetylator phenotypes, a key determinant for isoniazid concentrations, were not performed [37] . We were only able to detect recurrent tuberculosis episodes that were reported to the Georgia Department of Public Health Program and, in the absence of whole-genome sequencing, could not ascertain whether recurrent cases were due to relapse or reinfection. Finally, the predominance of low-level isoniazid resistance and outbreak-associated cases limits generalizability.
In conclusion, we found no significant association with isoniazid resistance and tSCC or initial treatment outcomes among patients who were mainly started on standard first-line drug therapy. The use of a long course of RIF/PZA/EMB led to a high rate of successful outcomes among patients with isoniazid-resistant tuberculosis. Additionally, patients receiving an FQ tolerated the drug well and had high rates of successful treatment outcomes. The cases of recurrence and acquired drug resistance among patients with isoniazid-resistant tuberculosis are concerning and highlight the need for longer-term follow-up studies. 
Notes

